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The dynamic properties of MOVPE grown InP/InAs quantum-dot and quantum-dash lasers, showing
identical structural design, emitting in the C-band are investigated and compared to each other. Based
on the small-signal measurements, we show the impact of the density of states function on the cut-off
frequency, being larger for quantum dots at low currents, and reaching similar values for quantum
dashes only at higher currents. The large-signal measurements show error-free data transmission at
22.5 and 17.5 Gbit/s for the quantum-dot and quantum-dash lasers. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4965846]
Semiconductor lasers are the key components for optical
communication systems. Significant improvements of their
performance, like lower threshold current density or larger T0,
have been achieved in the last decades, thanks to implement-
ing zero-dimensional structures—quantum dots (QDots) in
active GaAs- and InP-based layers.1,2 The present QDot
GaAs-based devices benefit from the large local carrier con-
finement and record material gain,3–5 resulting from the delta-
function like density of states (DOS), low chirp and threshold
current density, making them very attractive for direct modu-
lation.1 Most of the initial brake-troughs were demonstrated
for GaAs-based devices, finding the applications in the
O-band for local area networks.
The work on InP-based nanodevices started much later
and is much less detailed, although presently in long distance
and medium range communication systems InP-lasers are
deployed. Many InP material science groups initially did not
obtain true QD gain regions like in GaAs, but so-called
Q-Dashes, a kind of broken QWires,6,7 show a completely dif-
ferent density of states function. It is not really clear until
now how the laser properties, in particular, the dynamic ones,
between dash-based and dot–based differ. A number of theo-
retical publications compared the modulation dynamics of
QDot and QDash lasers8–10 and found differences; so far, no
experimental results however have been presented in order to
support these investigations. Most of the results published on
QDash-lasers are based on MBE growth,11–13 whereas much
fewer QDot laser results14–16 are based on MOVPE growth.
It is the purpose of this paper to compare the dynamic
properties (small- and large-signal modulation) of MOVPE
grown QDash and QD lasers emitting around 1.55 lm, which
are identical as heterostructures and as processed devices,
except some details, which were varied during the growth of
the active area, leading to either dots or dashes. An approach
to develop fast and energy efficient laser sources for C-band
optical communication can be based on our results here.
Previously, only the gain of both the types of nanostructures
had been compared for such identical boundary conditions.16
The direct intensity modulation of semiconductor lasers
is used in the simplest form as on/off keying (OOK), which
is a cost-effective solution for medium range data rate com-
munication, e.g., for 100GbE 4x25G, OTU4 4x28G and
SONET networks. The carrier dynamics of the lasers is influ-
enced by the ratio between the number of states in the carrier
reservoir and the QDot/Dash ensemble. This ratio determines
capture rate, which was observed for GaAs QD-lasers to be
ultrafast17 and state filling factor,10 thus affecting the differ-
ential gain, which defines the D-factor and eventually the
modulation bandwidth. The modulation bandwidth is the
result of an interplay between the differential gain and gain
compression. Therefore, an increase in the differential gain
does not necessarily lead to larger modulation bandwidths.18
The recently reported state-of-the-art MBE grown InP/InAs
QDot lasers19 demonstrate 3-dB modulation bandwidth of
15GHz and open eye-diagrams up to 25Gb/s; however,
no reports on the PRBS length used and bit-error-rate mea-
surement results have been provided yet. QDash lasers dem-
onstrate 10GHz and 10 GB/s of 3-dB bandwidth and
error-free transmission bit rate, respectively.20 No publica-
tions till this date are known to authors regarding small- and
large-signal experiments with MOVPE grown InP/InAs
QDot and QDash lasers. Reports on small-signal modulation
bandwidth achieved with QDot/QDash lasers based on other
material systems can be found in Ref. 21.
The short cavity laser structures (QDot: 440 lm; QDash:
420 lm, ridge width is 1.4 lm, as cleaved facets) investi-
gated in this work are grown by MOVPE on n-type (001)
InP substrates. For the formation of QDashes, a higher trime-
thylindium flow is used. Their active region consists of 7
stacked layers in an In0.78Ga0.22As0.47P0.53 matrix, enclosed
by an In0.82Ga0.18As0.40P0.60 waveguide. The laterally single-
mode buried heterostructures are formed by deep etching
through the active region and regrowth of p/n-blocking and
contact layers. Further details of the material growth, proc-
essing and results of material characterisation are reported in
Ref. 22. Since the QDot and QDash lasers have the same
structure except the nanostructure type, consistent compari-
son of their dynamics is eased. The static characteristics, the
LIV curve and the optical spectra at 10 Ithr, are shown in
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Figs. 1(a) and 1(b) for QDot and QDash lasers, respectively,
which were mounted identically on heat sinks.
The threshold currents of 12mA and 11mA for QDot
and QDash lasers differ slightly from each other, whereas
the differential quantum efficiency and the series resistance
are 26% and 9X for both the devices. The optical spectra
at 10 Ithr are inhomogeneously broadened as demonstrated
in the insets of Figs. 1(a) and 1(b). QDash lasers show a
bending of the L-I curve that might limit the maximum 3-
dB bandwidth. The bias dependent small-signal modulation
responses of QDot and QDash lasers performed on a cali-
brated setup similar to one used in Ref. 23 are shown in Figs.
2(a) and 2(b).
Increased damping and relaxation oscillation (RO) reso-
nance shift are observed at larger bias currents for QDot and
QDash lasers. A damping of RO can result from several non-
linear processes: spectral hole burning, hot carrier effects,
cavity standing wave effects and coupling of spontaneous
emission into the lasing mode.24 The damping of the RO
peak is significantly lower for QDash lasers due to the lower
gain compression and larger saturation gain, stemming from
larger density of the lasing states in QDash gain materials.
A capacitive-like roll-off at low frequencies for QDot
lasers has been reported before16 and addressed to enhanced
non-linear scattering and an injection bottleneck. For QDash
lasers, low frequency roll-off is not observed. This may result
from the continuous and overlapping DOS of the QDash
ensemble, providing stronger coupling. Scarcer filling of
QDot states not contributing to lasing results in higher differ-
ential gain and consequently in larger resonance frequency at
lower bias.10 RO and damping factor c were extracted from
Fig. 2 following the method given in Ref. 25. The damping
rate vs squared RO-frequency and squared RO-frequency vs
current are shown in Figs. 3(a) and 3(b), respectively. The
parameters of the linear fit in Fig. 3(a) reveal a K-factor of
0.34 ns and initial damping c0¼ 5.4GHz, which leads to a
carrier lifetime of 0.18 ns for QDot lasers and K¼ 0.29 ns and
c0¼ 8.2GHz (¼0.12 ns carrier lifetime) for QDash lasers.
The lower K-factor for QDash lasers is a result of the lower
gain compression discussed above and implies weaker damp-
ing of the RO peak, as mentioned before. Carrier lifetime val-
ues are comparable with literature,26,27 and QDash lasers
feature shorter carrier lifetime, probably owing to stronger
coupling between the overlapping tails of DOS mentioned
above and Auger recombination.
From Fig. 3(b), a lower D–factor for QDash laser is
observed, corresponding to a slower increase in the resonance
frequency with injected current. Consequently, at low and
moderate bias levels (to avoid heating imposed bandwidth
limitations), QDash lasers demonstrate smaller RO resonance
frequencies and modulation bandwidth in comparison to their
QDot counterparts. In the inset of Fig. 3(b), the saturation of
3-dB bandwidth is shown for the QDot and QDash lasers.
We observe the 3-dB bandwidth of QDash devices to satu-
rate at higher bias levels in comparison to QDot lasers. Lasers
with QDot active material achieve larger values of modula-
tion bandwidth and relaxation frequency at much lower bias
currents than similar lasers based on the QDash active media.
We explain this by the larger degeneracy of QDash states
leading to higher saturation and lower differential gain.10 The
breakdown of the linear behaviour for QDash lasers at moder-
ately high bias currents in Fig. 3(a) complies with the satura-
tion of the squared RO frequency in Fig. 3(b) and the 3-dB
bandwidth (inset of Fig. 3(b)). This effect might be caused by
enhanced carrier escape (i.e., gain compression) from higher
energy states of QDashes. The maximum 3-dB bandwidth
of our QDot lasers is 8.1GHz, which is 20% larger than that
of our QDash lasers measured at the same bias conditions.
FIG. 1. LIV curve and optical spec-
trum (inset) of QDot (a) and QDash (b)
laser.
FIG. 2. Small-signal modulation response
S12 of QDot (a) and QDash (b) lasers
at various bias currents.
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We find this value being comparable to the results reported on
the modulation bandwidth of already optimized structures.28
Large-signal measurements for both the structures are
performed in a back-to-back configuration. Non-return-to-
zero on-off keying (NRZ OOK) modulation with pseudo-
random binary sequence (pattern length of 27-1 bits) is used.
The bit-error-rate curves are shown in Fig. 4; the eye dia-
grams, measured with a 50GHz photodiode and 80 GSa/s
real-time oscilloscope, are shown in the insets of Fig. 4.
QDot lasers show an error-free data rate of 22.5 Gbit/s with
a Q–factor of 3.5. For the QDash lasers, the error-free bit
rate is 17.5 Gbit/s (Q¼ 4.8) with potential up to 20 Gbit/s
with a Q–factor of 3.7.
To summarize, we observe a larger D–factor for QDot
lasers, which implies a larger resonance frequency at lower
bias current, and a saturation of the modulation bandwidth at
lower bias levels. This feature can be useful in concepts for
energy efficient laser sources. Larger gain compression is the
reason for the overdamped RO peak in QDot lasers, whereas
moderate damping is observed in QDash devices. Finally, we
have demonstrated 8.1GHz modulation and 22.5 Gbit/s large
signal modulation for InP/InAs QDot lasers. QDash show
similar small signal modulation bandwidths, though at signifi-
cantly higher injection currents and a bit rate of 17.5 Gbit/s
with potential for 20 Gbit/s. Dissipated heat-to-bit rate ratios
are as low as 8 and 11 pJ/bit for QDot and QDash lasers,
respectively. Improvement of small- and large-signal opera-
tions can be achieved by decreasing the size distribution of
dots/dashes ensemble.29 Photoluminescence spectra reveal
inhomogeneous broadening of 220 and 130 nm for QDot and
QDash ensembles, respectively,30 which can be further opti-
mized. It is important to note that parasitic and heating effects
can be strongly reduced for the present devices in the future
by means of optimized laser chip and mounting leading to fur-
ther improved dynamic properties of the lasers.
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